In nonwovens, fiber orientation is an important characteristic as it directly influences the properties of the material. Fiber orientation is an important structural characteristic. In modeling the performance of nonwovens, it is desirable to understand the impact of fiber orientation and anisotropy on performance. With respect to absorbency and in-plane wicking, the role of structure anisotropy cannot be underestimated. In a series of papers, we plan to explore the manner in which fluids flow though nonwovens and will develop a framework for the prediction of wicking. This paper reports on the development of an improved test method and presents preliminary data on in-plane moisture movement in a series of nonwoven fabrics.
Introduction
The anisotropy of a nonwoven is an important structural characteristic of the material and it has been found that nonwoven properties such as the tensile, bending and shear are directly influenced by the anisotropy of the nonwoven [1, 10] . It is expected that the in-plane liquid distribution will also be driven by the fiber orientation distribution of nonwovens. Moisture transport remains a most significant function of nonwovens, and is the topic of the current series of papers.
The distribution of the liquid can occur in one of two ways. First, it can travel perpendicular to the plane of the nonwoven and this is referred to as transplanar distribution. The second form of distribution is referred to as in-plane liquid distribution and in this case, the liquid travels through the plane of the material. In many situations, the in-plane liquid distribution is often the more important of the two. Clearly, this behavior cannot be modeled without identifying the role of the structure anisotropy. In undertaking this effort, it was recognized that existing test methods were inefficient in their ability for investigating in-plane liquid movement. These are summarized below.
Conventional test methods for measuring liquid wicking/absorption are the vertical wicking test, the downward wicking test and the GATS. The vertical wicking test, as the name implies, is an absorbency/wicking test carried out with the specimen being tested vertically. INDA's standard test method 10.1 is one such test. For this test, a strip of material is cut in a given direction (usually in either the machine or the cross direction) and one end of the material is suspended while the other end hangs vertically down into a liquid reservoir. The time required for the liquid to rise to a given height is timed and reported as a measure of the absorbency/wicking of the material.
One variation of this method includes the measurement of the change in weight of the material as the liquid is absorbed into the system. Although this is not discussed in the IST 10.1 standard test method, it is a useful technique of measuring liquid absorption [2, 3, 8] into the material. Regardless of how the test is performed, however, it possesses some inherent problems. First, the liquid velocity is affected by the edges of the sample. When the liquid reaches the edge of the material wicking cease due to equilibrium occurring because the liquid has also reached the edge of the capillary [5] . This causes a change in the velocity of the liquid within the material and the true difference between the velocity rates of the different directions is not as apparent.
Another problem with the vertical wicking test is the socalled "overtaking phenomenon." In any two vertical capillary systems, where the only difference between the two materials are the pore sizes, the absorption rates will differ according to time. At first, the rise of height in the material with the larger pores will be greater. Then, after a given period of time, gravity will have a greater influence on the rise in the larger pores and therefore, the liquid rise will slow down. Finally, the liquid height in the smaller pores will surpass the height of the liquid in the larger pores. This effect is caused by hydrostatic equilibrium occurring first in the strip with the larger pores. Because of this effect, both systems can be deemed to have the faster absorption rate depending on the time that is considered for evaluation [6] .
Miller suggests the use of the downward wicking test instead [6] . The downward wicking configuration, pictured in Figure 1 , begins with an initial upward wicking. The beginning of the test is started at the point where the downward wicking begins.
The Lucas-Washburn [4, 12] equation that describes vertical wicking is defined as:
where, However, this equation does not consider the edge effect caused by hydrostatic equilibrium when the liquid reaches the edge of the material.
An alternative to this test method is also the use of strips in a horizontal configuration. Regardless however, while these procedures eliminate the gravity effects, they suffer from edge effect problems. That is, because the flow reaches the edges of the sample rapidly, flow ceases in capillaries that are discontinued at the edges as indicated above. The only solution for the problems with the edges lies in the use of a circular piece of material instead as is discussed below.
The Gravimetric Absorbency Testing System or GATS (Figure 2 ) is a method of measuring the absorption/wicking of a material over a period of time. It consists of a liquid reservoir that is connected to a platform via a plastic tube. The plastic tube enters the plate from the bottom and this is how the liquid is delivered to the material. The liquid reservoir rests on top of a balance, which is connected to a computer. The material, a circular piece of fabric, is placed on the platform and the test is initiated by using an automatic start switch. The material then begins to absorb/wick the liquid delivered to it through the plastic tube. As the liquid in the reservoir drops the value on the balance also drops and this is recorded by the computer as the amount of liquid absorbed by the material per unit time. For absorbency, the platform uses a porous plate measuring three inches in diameter. The sample will also measure three inches. For wicking and in-plane liquid distribution, a solid plate with a single hole measuring 0.25 inches in the middle of the plate is used. Here, the sample can be as large as the entire platform.
There are a number of inherent problems with the GATS test method. First, the platform is kept at a constant height. Therefore, as liquid is absorbed into the material the pressure head changes due to the liquid in the reservoir receding. Second, there are some problems with the instrument start up. The "automatic start" causes a surge in the initial flow to start the movement of liquid. This often leads to an overflow. The alternative will be to start the test and then place the sample on the platform at the same time that the test is begun. This may result in errors due to human intervention. Finally, the directionality of the wicking cannot be isolated. This means that although the total absorption of the material can be measured, the rate of wicking in a given direction cannot be determined.
To correct the problems with the test methods mentioned above, a new test method based on the GATS principle (referred hereafter as modified GATS) was developed. Details 
Materials and Methods
The modified GATS instrument is shown in Figure 3 . Like the GATS, this instrument is set up with a liquid reservoir that is placed on top of a balance (or a compression load cell) and is connected to the bottom of a plate using a plastic tube.
In addition to this configuration, a camera is mounted above the plate and is used to record the spreading of the liquid. The new instrument also replaces the electronic controls with an A/D interface card and appropriate software. The software automatically maintains the platform height at the same level as the reservoir thereby maintaining a constant pressure head during testing. For example, if a zero hydrostatic pressure head is desired the platform will actually move down as liquid is absorbed so that the level of the liquid in the reservoir and the level of the platform are kept even. The platform is able to move because it employs a stepper motor that drives the shaft that the platform is mounted on. The camera that is mounted above the platform is attached to the same platform and therefore, moves with the platform. Moving the camera with the platform provides a constant distance and magnification, and the image stays in focus.
The samples were first tested on one of the plates designed for the original GATS machine. This plate, shown in Figure  4 , is a solid plate with a hole in the center where the liquid is delivered to the material. Two different tests were performed on this plate. In the first set of tests, circular pieces of the materials were placed on the plate and tested without any additional weights added. These tests are referred to as "bottom plate". In the second series of tests, which will subsequently be referred to as top and bottom plate, circular samples were placed on the plate and another clear plate was placed on top of the material. The second plate was used to ensure complete contact with the plate and to compress the samples.
Images recorded during the test were subsequently analyzed using image analysis techniques to extract the in-plane liquid distribution data.
Fiber Orientation Distribution
Fiber orientation distribution (ODF) of our nonwoven samples were obtained by the Fast Fourier Transform (FFT) procedure discussed elsewhere [9, 11] .
Liquid Spreading Distribution
Liquid spreading distribution was determined by image analysis methods. Our lighting scheme ensures that the images had sufficient contrast. A typical image is shown in Figure 5 . It may be noted that the wet area is fairly well distinguishable from the dry area.
The procedure for extracting the distribution data is shown below (Figure 6 ):
1. Apply a median filter to remove salt and pepper noise 2. Apply a Gaussian filter to smooth the edges 3. Threshold the image by selecting the gray levels occupying the wetted area and suppressing the others 4. Extract the boundary 5. Track the boundary, find the center of gravity and track 
Materials
The materials used for are summarized in Table 1 . This set consists of three subsets all of which are a hydroentangled 50/50 woodpulp/polyester blend and vary in their basis weight.
Results and Discussion
The ODF results for all samples are shown in Figure 7 . The data represent the average and the standard deviation for 5 replicates. The data exhibit a peak around the 90 o axis, which in this case is the machine direction. This is not unusual, as many nonwovens exhibit a similar anisotropy imposed during manufacturing. It can be seen from this graph that the ODF's are not different and that the increase in basis weight has no effect on the ODF. We have shown previously that ODF distributions can be best compared by a chisquare procedure [9] . In this paper, for all data, we ran the chi-square test to determine if the distributions are different and found an excellent correlation (at 0.99 probability level) between the ODF data for the samples.
Spreading
The spreading was analyzed as discussed above. The actual boundaries of the liquid spread at 2-second time intervals for all three samples are shown in Figure 8 for the bottom plate only. The vertical of the graph corresponds to the machine direction while the horizontal of the graph corresponds to the cross direction. The shape of the graph is essentially the same with only a slight increase in directionality in the machine direction. As with the ODF, all exhibit a tendency in the machine direction. Note that a true isotropic sample would yield a circular spreading 
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pattern, and as the degree of anisotropy increases, the pattern will become more elliptical. The degree of anisotropy can be expressed in terms of the ellipticity of the pattern. Alternatively, the data can be expressed in the 0-180 degree range to facilitate comparison of the data to the ODF. Such a comparison for the 1.5 ounces per square yard basis weight is found in Figure 9 . It may be noted that the liquid spread does indeed follow the same trend as that of the ODF. The same was true for the other two subsets as well. Chi-square analysis yielded a high correlation (0.99 probability level) between the spreading and ODF data in all cases. A comparison between the ODF and the liquid spread for the solid plate and the top plate was made as well and is shown in Figure 10 . It is shown that despite the extra weight placed on the material, the liquid distribution follows the ODF. Of course, the rate of the liquid spread between the two separate methods is expected to differ. The bottom plate creates an extra capillary that forms between the plate and the material and with the extra plate on top two extra capillaries are formed. These extra capillaries can be seen in Figure 11 in the form of two fronts. With each added capillary the rate of the liquid spread increases. The time for test completion was 20 seconds for the bottom plate and 8 seconds with the bottom and top plate.
It was felt that a new plate would have to be developed to eliminate the extra capillaries and determine the intrinsic wicking ability of the fabric. The new plate is pictured in with the fabric holder pictured in Figure 12 . The plate is described as the "hoop" plate due to the use of a hoop that holds the fabric tightly when placed on the plate for testing. The cylinder in the middle of the plate is where the liquid enters the system. This is the initial point of absorption/wicking and is also the only point at which the fabric is touching the plate during the test. The point of contact measures 2 cm in diameter. A weight was placed on the sample at this point to ensure complete contact and no overflow of the liquid into the trough. Although the fabric is in contact with the plate around the outer edge, this area of the fabric is not considered in the test and therefore, has no effect on the results. The comparison of the ODF and liquid spread for the hoop plate is shown in Figure 13 . Once again the liquid spread follows the path of the ODF. However, the hoop plate produces no extra capillaries as shown in Figure 14 .
With no extra capillaries the time for completion of the test increases to 40 seconds. A comparison of the differences for all three testing methods is shown in Figure 15 . The graph emphasizes the difference in wicking rate when the tradition- al stages are used as compared to when the new hoop plate is used. Therefore, it is felt that the traditional stages cannot be utilized to measure the true intrinsic wicking rate of the material because the capillaries cause the liquid to move through the material at a much faster rate. The hoop method, however, does measure the true intrinsic wicking rate of the material because no additional capillaries are added to the system.
Conclusions
The ODF is the dominant factor in determining where the liquid will spread in the material. This is true even when extra capillaries are added to the system as shown for the Woodpulp/Polyester 1.5 basis weight for the hoop plate, bottom plate and bottom with top plate. However, the number of extra capillaries does dictate the rate at which the liquid will spread. For each added capillary the time for completion of the test decreased significantly with the hoop test needing an average of 40 seconds to complete, the bottom plate needing 20 seconds and the bottom with top plate needing only 8 seconds to complete. The extra capillaries did not affect the shape of the graphs significantly and this is attributed to the even distribution of the woodpulp throughout the material. However, if the material is non-uniform the extra capillaries may influence the shape of the liquid spread. This will be discussed in a future paper. 
